Objectives-This study aimed at exploring the role of ultrasound (US) elastography in the diagnosis of the axillary lymph node status in patients with breast cancer.
1
Ultrasound (US) imaging and US-guided fine-needle aspiration (when there is a suspicious lymph node on US imaging) are the most widely used methods for the preoperative evaluation of the axillary lymph node status. However, the sensitivity is moderate, and false-negative results are unavoidable if the nodes are only evaluated with conventional US, [2] [3] [4] leading to unnecessary sentinel lymph node biopsy, which is time-consuming and can lead to short-term treatment-related upper limb morbidity. 5 Therefore, it is necessary to find a more accurate noninvasive method for differentiating axillary lymph nodes.
Recent advances in US technology, such as realtime elastography, have shown potential diagnostic value in many diseases. Elastography can noninvasively distinguish benign and malignant lesions according to the tissue stiffness. It has been used widely in the breast, prostate, liver, and thyroid. 6 However, US elastography has not been used as a routine examination in the evaluation of lymph nodes because of a lack of evidence. The guidelines of the European Federation of Societies for Ultrasound in Medicine and Biology indicate that elastography of superficial lymph nodes is a promising application because the increase in stiffness might be expected in malignant lymph nodes. 6 However, compared with cervical lymph nodes, studies about elastography of axillary lymph nodes are few, and their conclusions are controversial. 7, 8 Therefore, the purpose of this study was to investigate the role of strain elastography combined with conventional US in the diagnosis of axillary lymph nodes in patients with breast cancer.
Materials and Methods

Patients
This retrospective study was approved by the Ethical Committee of the university hospital, and informed consent was obtained from each patient. Between December 2013 and July 2014, 269 consecutive patients with newly diagnosed breast cancer underwent breast US examinations before surgery in our hospital. An evaluation of the bilateral axillary areas is routinely performed during the breast US examination. Among the 269 patients, 90 patients who had no visible axillary nodes on conventional US imaging were excluded. Among the 179 patients who had visible lymph nodes on US imaging, 10 patients were excluded because of the absence of elastography. Twenty-nine patients who underwent neoadjuvant chemotherapy before surgery were not enrolled in the study. For patients with multiple visible lymph nodes (2 patients had 2 suspicious lymph nodes), only the most suspicious node was included. The final cohort comprised 140 axillary lymph nodes from 140 patients with breast cancer. All patients underwent sentinel lymph node biopsy or axillary lymph node dissection. A patient selection flowchart is presented in Figure 1 . 
Conventional US and Elastography
Grayscale B-mode US imaging, color Doppler imaging, and elastography were performed with an MyLab 90 US scanner (Esaote SpA, Genoa, Italy). A linear array transducer (LA523; frequency range, 4-13 MHz) was equipped for the conventional US examination and elastography. Each patient was positioned supine with the arm raised above the head. The entire axillary region was scanned by a radiologist with more than 5 years of experience in breast and axillary US. The features of the lymph nodes such as the size, longitudinal-to-transverse diameter ratio, hilum, cortical thickness, and vascular pattern were observed and recorded. The transverse diameter of the lymph node was measured on the largest section, and the longitudinal diameter was measured on the same section. Then the longitudinal-to-transverse diameter ratio was calculated. The cortical thickness was measured in a similar way as that of Lee et al. 9 The vascular pattern was observed on the plane that displayed the most abundant blood flow signal. On color elastography, tissue stiffness increases with color from green to gray to red, with red representing the highest stiffness. Strain elastography was performed by selecting a region of interest containing the axillary lymph nodes and surrounding tissue. The radiologist manually applied slight axial compression to the lymph nodes with the US transducer until the pressure index scaled up to 3 or 4 and stably lasted 2 or 3 seconds and then saved the dynamic real-time elastograms as short video files. The conventional US and elastographic images were stored.
Imaging Analysis
Two radiologists with 5 years of experience in axillary US and 3 years of experience in elastography were asked to analyze the images, blinded and without access to the patients' clinical information and histopathologic results for the lymph nodes. Disagreements were solved by consensus. Conventional US and elastography images were evaluated separately at different times by randomizing them.
Conventional US Evaluation
According to previous studies, the following features were considered when evaluating the lymph nodes on conventional US imaging: longitudinal diameter, longitudinal-to-transverse diameter ratio, hilum, cortical thickness, and vascular pattern. [10] [11] [12] The best cutoff values for the longitudinal diameter, longitudinal-totransverse diameter ratio, and cortical thickness were determined subsequently by a statistical analysis. Absence of the hilum was considered a suspicious feature. The vascular pattern was defined as one of the following types: (1) absent or central pattern (predominant blood flow was detected within the hilum of the node); (2) peripheral pattern (multiple peripheral neoangiogenic vessels were detected); and (3) mixed pattern (both central and peripheral disorderly blood flow was detected). Absence of blood or the central vascular pattern was defined as a normal feature, and the other vascular patterns were defined as abnormal features. 8, 9 A lymph node was defined as positive on conventional US imaging when it met several of the above suspicious features. The number of suspicious features needed to define the malignant lymph nodes was calculated by the subsequent statistical analysis. The lymph nodes that did not meet the conditions described above would be defined as negative on conventional US imaging.
Elastographic Evaluation
The proportion of red areas (hard areas) in each lymph node was completely visually estimated by the radiologists. The elastographic result was defined as positive if the proportion was 50% or greater. Otherwise, it was defined as negative ( Figure 2 ).
Combined Evaluation
Two different combination methods using conventional US and elastography were analyzed in this study: (1) disjunctive combination, in which the lymph node was defined as a metastatic node when it was defined as positive on either conventional US imaging or elastography; and (2) conjunctive combination, in which the lymph node was identified as a metastatic node only when it was defined as positive on both conventional US imaging and elastography.
Statistical Analyses
Statistical analyses were conducted with SPSS version 20.0 software (IBM Corporation, Armonk, NY). Quantitative data were expressed as mean 6 standard deviation and range when a normal distribution was achieved. Continuous variables were analyzed by t tests. Receiver operating characteristic curves were plotted to assess the diagnostic performance of each parameter on conventional US imaging and then to obtain the best cutoff value for each parameter in combination with the clinical application. The number of suspicious features needed to define a malignant lymph node was identified the same way. The diagnostic value of each method in evaluating metastatic involvement was determined by a v 2 test. P < .05 was considered statistically significant. The histopathologic diagnosis was regarded as the reference standard. The sensitivity, specificity, and accuracy were calculated to compare the diagnostic performance of the different methods.
Results
Patient Characteristics
The final patient cohort included 138 women and 2 men. The mean age of the patients was 55.3 6 13.0 years (range, 21-85 years).
Conventional US and Elastographic Performance in Metastatic and Nonmetastatic Lymph Nodes
Among the 140 lymph nodes, 78 were confirmed to be metastatic, and 62 were confirmed to be nonmetastatic by the final pathologic diagnosis. There was a significant difference between metastatic and nonmetastatic lymph nodes in the longitudinal diameter (9.81 6 4.25 versus 6.91 6 1.66 mm; P < .0001), longitudinal-to-transverse diameter ratio (0.56 6 0.16 versus 0.46 6 0.16; P < .0001), and cortical thickness (5.26 6 2.61 versus 2.72 6 1.44 mm; P < .0001). The absence of a fatty hilum occurred in 38.46% (30 of 78) of metastatic lymph nodes, whereas it occurred in only 4.84% (3 of 62) of nonmetastatic lymph nodes (P < .0001). About 82.05% (64 of 78) of metastatic lymph nodes had a peripheral or mixed disorderly vascular pattern, whereas only 27.42% (17 of 62) of nonmetastatic lymph nodes had the same feature (P < .0001). Nonmetastatic lymph nodes always showed the central vascular pattern (hilum vascularity) or approximately no blood flow. The best cutoff value for each parameter on conventional US imaging was determined by the receiver operating characteristic curve analysis. Finally, the following criteria were regarded as suspicious features on conventional US imaging: longitudinal diameter of 7 mm or greater, longitudinal-to-transverse diameter ratio of greater than Figure 2 . Analysis of elastography. In A and B, the proportion of the red area within the lymph node is less than 50%, indicating a negative elastographic result. In C and D, the proportion of the red area within the lymph node is 50% or greater, indicating a positive elastographic result. 0.5, cortical thickness of 4 mm or greater, absence of a fatty hilum, and a peripheral or mixed disorderly vascular pattern (Table 1 ). Any lymph nodes that met 3 or more of the aforementioned criteria were considered positive on conventional US imaging. Otherwise, the conventional US results were negative. Ultrasound-positive results were obtained in 76.92% (60 of 78) of metastatic nodes and 12.90% (8 of 62) of nonmetastatic nodes. On elastography, positive results were obtained in 60.26% (47 of 78) of metastatic nodes and 3.23% (2 of 62) of nonmetastatic nodes (P < .0001).
Conventional US and Elastographic Performance Correlated With Pathologic Results
Of 140 lymph nodes, 41 were positive on both conventional US imaging and elastography, and the final pathologic results were all confirmed to be metastatic lymph nodes (100%; Figure 3 ). Seventy-five percent (6 of 8) of the lymph nodes that were negative on conventional US imaging but positive on elastography ( Figure 4 ) were confirmed to be metastatic nodes (Table 2) . Twentyseven nodes had positive US results but negative elastographic results, 70.37% (19 of 27) of which were confirmed to be metastatic nodes. Sixty-four nodes had negative results with both US and elastography, 81.25% (52 of 64) of which were nonmetastatic nodes.
Diagnostic Value of the Different Evaluation Methods
The sensitivity, specificity, and accuracy were 76.92%, 87.10%, and 81.43%, respectively, for conventional US (Table 3) . Elastography showed high specificity of 96.77% but low sensitivity of 60.26% in the diagnosis of nonmetastatic and metastatic lymph nodes ( Table 3) . The disjunctive combination of conventional US and elastography showed higher diagnostic sensitivity and accuracy than US alone. The conjunctive combination of US and elastography showed the highest specificity and positive predictive value of 100% (Table 3 ).
Discussion
The axillary lymph node status is one of the most relevant prognostic factors in breast cancer, 13 and its preoperative evaluation is important for subsequent treatment. Conventional US has been used widely for the assessment of axillary lymph nodes in breast cancer. It can distinguish benign and malignant lymph nodes predominantly based on the size, morphologic characteristics, vascular pattern, and other features. 11, 14 In this study, the results demonstrated that metastatic axillary lymph nodes had a longer longitudinal diameter and higher longitudinal-to-transverse diameter ratio, which means that the shape of the metastatic nodes tended to be round rather than oval. Compared with nonmetastatic axillary lymph nodes, metastatic nodes had a thicker cortex and a more abundant blood supply. Effacement of the fatty hilum always existed in metastatic nodes. We considered all 5 features for distinguishing axillary lymph nodes because US characteristics have not been individually predictive of final cytologic and pathologic results. 15 In our study, preoperative conventional US had sensitivity of 76.92%, specificity of 87.10%, and a negative predictive value of 75.00%. The sensitivity was not high, which was consistent with several previous studies. 2, 16 Lymph node metastases could not be excluded because of a false-negative rate of 24.36%. It is necessary to find a more accurate noninvasive method for differentiating axillary lymph nodes so that these patients can avoid unnecessary sentinel lymph node biopsy and delayed axillary lymph node dissection.
Real-time elastography has shown potential diagnostic value in many diseases. Guidelines and recommendations on the use of elastography have been published by the European Federation of Societies for Breast elastography has been added to the American College of Radiology Breast Imaging Reporting and Data System (fifth edition) lexicon classification to help in the diagnosis of breast cancer. 21 However, elastography has not been used as a routine examination in the evaluation of axillary lymph nodes in patients with breast cancer. Some studies demonstrated that elastography was an advanced technology that may improve the accuracy of conventional US for the differential diagnosis of benign and malignant lymph nodes. 22 Most studies aimed at the cervical lymph nodes, whereas very few studies aimed at axillary lymph nodes. 23 Alam et al 24 categorized the elastographic findings into 5 patterns based on the distribution and percentage of harder areas in lymph nodes. Similar evaluation methods were used in several other studies of superficial lymph nodes. 12, 25, 26 Elastography has been used mainly in 2 forms: strain elastography and shear wave elastography. Shear wave elastography can quantitatively analyze the tissue elasticity in the region of interest, whereas strain elastography usually analyzes tissue hardness qualitatively. Although shear wave elastography has been researched in many studies, strain elastography is still widely used in clinical diagnosis. In addition, to date, few studies have compared the techniques. 7, 27 In the European Federation of Societies for Ultrasound in Medicine and Biology and World Federation for Ultrasound in Medicine and Biology guidelines for the breast, both strain elastography and shear wave elastography were recommended to help in the diagnosis of breast lesions. 6, 17 Our study aimed at strain elastography, which was used earlier than shear wave elastography in our hospital to help in the final Breast Imaging Reporting and Data System classification of breast lesions and the identification of Figure 3 . Ipsilateral axillary lymph node in a 55-year-old female patient with invasive ductal carcinoma of the left breast. In A, the transverse diameter, longitudinal diameter, and cortical thickness are 16.1, 12.3, and 7 mm, respectively. The hilum is present. In B, the vascular pattern is mixed. Conventional US shows 4 suspicious features. In C, the proportion of hardness within the lymph node on elastography is greater than 50%. The pathologic result was a metastatic lymph node.
suspicious axillary lymph nodes. According to Alam et al, 24 we evaluated the axillary lymph node status on the basis of the percentage of the hard area in the lymph nodes. 12, 25, 26 Any lymph nodes that had more than half of a red area were defined as positive on elastography. The diagnostic sensitivity, specificity, and accuracy were 60.26%, 96.77%, and 76.43%, respectively. The sensitivity was moderate, and the specificity was very high, which was consistent with a previous analysis. 23 The diagnostic performance was not satisfactory when elastography was used alone. Some studies analyzed the diagnostic value of elastography when combined with conventional US. Choi et al 12 first investigated the value of elastography in the differential diagnosis of axillary lymph nodes based on the distribution and percentage of the hard area within the nodes. They selected 45% as the best cutoff value and found that the sensitivity was increased when elastography was added to B-mode US. In our study, 50% was considered the cutoff value, which may decrease the interobserver variance and improve the repeatability when visually analyzing elastograms. This choice made it more practical to evaluate axillary lymph nodes using elastography in clinic. In our study, we investigated the diagnostic value of the combined method. The disjunctive combination of conventional US and elastography showed 84.62% sensitivity and 83.87% specificity, improving the sensitivity of conventional US alone at the cost of a slight decrease in the specificity. The conjunctive combination showed specificity of 100% and a positive predictive value of 100%, whereas the sensitivity was very low. Our study demonstrated that elastography may provide additional information for the diagnosis of axillary lymph nodes, similar to previous research. [28] [29] [30] However, Park et al 8 indicated that strain elastography of abnormal axillary lymph nodes in patients with breast cancer did not improve diagnostic accuracy compared with conventional US alone. Different combinations of methods Figure 4 . Ipsilateral axillary lymph node in a 53-year-old female patient with invasive ductal carcinoma of the right breast. In A, the transverse diameter, longitudinal diameter, and cortical thickness are 9.7, 4.8, and 2.9 mm, respectively. The hilum is present. In B, the vascular pattern is central. Conventional US shows no suspicious features. In C, the proportion of hardness within the lymph node on elastography is greater than 50%. The pathologic result was a metastatic lymph node. might have caused the different results. Park et al 8 selected 6 significant conventional US parameters and only a single strain elastographic parameter and then combined all of these parameters to gain the final diagnosis, which might have reduced the weight of elastography because its weight was only 1 in 7. In our study, we combined the diagnostic results of conventional US and the diagnostic results of elastography and then made the final diagnosis, which increased the weight of elastography to 1 in 2.
In this study, 41 lymph nodes were positive on both US imaging and elastography. All of the patients with these lymph nodes proved to have metastatic nodes. For these suspicious nodes, elastography can increase the diagnostic confidence of radiologists. Among the 8 lymph nodes that had negative US results but positive elastographic results, 6 of 8 (75%) proved to be ipsilateral sentinel lymph nodes or axillary lymph node metastases. Patients with such lymph nodes would benefit from elastography because of the decrease in the falsenegative rate. For those patients with lymph nodes that had positive US results but negative elastographic results, axillary lymph node metastases could not be excluded because 78.26% (18 of 23) of them had metastatic nodes in the final pathologic results, which meant that elastography alone had a low negative predictive value. Sixty-eight lymph nodes were negative on both US imaging and elastography, of which, 19.12% (13 of 68) were diagnosed as metastatic. For these lymph nodes, other diagnostic methods were needed to decrease the false-negative rate.
There were some limitations in this study. First, the sample size was small, and the results still need to be confirmed further by clinical studies with larger samples. Second, although strain elastography is still widely used in the clinic, the use of a qualitative evaluation method has its inherent flaws. Therefore, research using a quantitative method is needed to analyze this factor better. Third, the elastograms were analyzed visually by 2 experienced radiologists, whereas interobserver reliability was not assessed. Disagreements were solved by consensus.
In conclusion, US elastography can provide additional information for the diagnosis of suspicious axillary lymph nodes on conventional US imaging. The disjunctive combination of conventional US and elastography can improve the sensitivity for the diagnosis of the lymph node status. Despite the low sensitivity, the conjunctive combination of elastography and conventional US can ensure that there are no falsepositive results. Therefore, elastography is a useful adjuvant tool in addition to conventional US for the preoperative assessment of axillary lymph nodes in patients with breast cancer. 
